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SUMARY

Tests were conducted to determine the efieot of engine-
operating veriables and internel coolants on spark-advence
requirecments of a single oylinder from a l2-cylinder 1liquid-
cooled engine for maxinum teke-off power and maximum cruise
economy. The effects of fuel-alr ratio, engine speed, air
flow (charge density), mixture temperature, and internal
coolants on peak-power (optimum) spark advance vere investi-
gated, In addition, tests were conducted to detsrmine the
effeoct of spark advence on tho knock-limited cngine por=-
formaence et several mixture temperatures for conditions
simulating take-off, high-power cruise, and low-power ocruise.

In the ligquid-coolod cylinder opeorated with 28«R fuel,
the following results were obtalncds

l. Among the variables tested only fuel-eir ratio and
internal coolant-fusl retio have largo effects on the peak-
power spark timing.

2. When tho spark timing is advanced from normal (inlet,
28° B,T.C.; exhaust, 34° B.T.C.) at a fuel-air ratio of 0.060
to peek power at a fuel-alr ratio of 0.057 which sacrifilces
no engine power for a glven inlet-alr pressure, a 4-percent
roduction in indicated specific fuel consumption 1s reslired.
Any uneveness in mixture distribution of a multiocylindor engine
would result in a docreese in breke spocific fuel consumption
greater than that for a singloe-cylinder engine; theo more uneven
the mixture distribution, the greater is the decrease to be ex-
pooted,
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3« An Iincroase of approximately 10 performence numbers
in the lean rating of the fuel would bo required to maintain
the seme kmock-limited power at e fuel-alr ratio of 0.060 if’
the spark timing was advanced to peak power,

4, EKnock~limited indicated moan effuctive pressure at
teko=off crnditions was incroased about 6 percent when the
spark timing was retarded from tho normal wvalue (inlot, 28°
B.T.C.; oxhaust, 34° B,T.C.) to tho point wherse rough opera-
tion was roachod (inlot, 16° B.T.C.; oxhaust, 22° B.T.C.).
Thon tho additional supcrcharger powor necessary to supply
the higher manifold prossure is considercd, tho galn in the
knock-limited brako horsepowcr for a multicylindor ongine
with e singlo-stage .superchaorgor is epproximately 4 porcont.

INTRODUCTION

lHost current models of the in-linc liquid-cooled engino
have fixed spark timing. It vas dosirable, howuver, *to:in-
vostigate the advantagces of variablo spark timing in thesec
ongines because a higher mock-frce tske-off power can be ob=-
taincd whon the spark timing is rctarded and a lowor fuel con-
sunption can be obtainod for lcan-mixture cruising whon the
spark timing is edvancod than results whon fixod spark timing
is usod.

In ordor to evaluate thoso advantagos, ongine tosts woro
conducted at tho NACA Clecvoland laboratory during the lattor
part of 1944 to determino the effocts of fuel-air ratio,
ongino spced, nir flow (chargo density), rnd mizturo tempora-
turo on tho posk-powcr (optimum) spark advonce and to doter-
mine the offeot of spark advence on knock-limitod power. An
invostigation was also made of the spark-advance requiromcnts
with tho use of vator and a mixture of wator énd ethyl alcohol
as internal coolants. Tho results of those tests, which con-
stituto part of tho goncral program for improving tho povor
output of tho multicylinder liquid-cooled enzino as rcquestcd
by tho Army Alr Forces, Alr Tochnical Serviec Command, are
rcportod horein, '

APPRATUS

Tho tests werc conductod with a multicylinder block
adaptod to a CUE crankcaso (referonco 1). Figure 1 shows
cylindor 2 in position for firing; cylindor 3, howovor, was
usod in thoso tosts,

The internal-coolent injoction system compriscd a pros-
surlzed supply tank, a rotametor, and an injoction nozzle.
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The injecction nozzlo weas a copper tube sealed at the ond and
drilled with four small holes spaced in a row along the longth

. of, the tube. Figuro 2 1llustrates tho two positlions used for

-the injection of intermal coolents: position A before the -
vaporization tank and position B at the intaeke elbow. In hoth
positions the nozzle was installod to inject the internal -
ooolent downstroem,

Cylindar-head temperatures were measured by a thermocouple
located between the exhaust-valve seats (fig. 3), which is the
region of highest cylindor-head temperature. Knock was-.detected
by means of a magnetic vibration-tyre pickup, an emplifier, and
an oscilloscope. )

TEST PROCEDURE

Tho following ongine conditions were maintained:

[ ] L L] [ ] L] 6.65

Comprossion ratio ¢ o ¢ o o o o . .
« 2280, 2600, 3000

Bnginospoed,rpn.-.-....-.

Inlct-oil tmpcraturo' OF ® o a s o o o o 185

Outlet-coolant tompcraturs, °F - o e s s s s 250
Coolant flow at 2280 rpm, gallons per minuto + « « o o & 90
Coolont flow at 2600 rpm, gallons pcr minute o« ¢ o« ¢ « . 106
Coolant flow at 5000 rnm, gallons pcr riinute .+ « o« & o « 120

The norral spark advance for tho ongine is 28° B.T.C. for tho
inlet sido end 34° B,T.C. for tho oxhaust side. Thc timing of
the inlot spark was retarded 6° from that of tho oxhaust spark
for nll tests. Tho enginu coolant was 30-perccnt cthyloene
glycol, Army-Nevy specifiszrtion .}i-E-2, end 70-percent wataor.
Cold sperk plugs worc usod to provent proignition and the fuel
was 28-R,

Tosts were conducted to dotorminc tho effoct of fuol-mir
roatio, ongine swoed, air flow, mixturc tamperature, and internal
coolents on peak-powcr spark advencco. The spark timing was
.varied over a rango sufficiently vido to determine accuratoly
tho point of maximum powcr, Two intornal coolants woro usodi
wator and a mixturo by volume of 50-porcent water and 50-porcont
othyl aloohol. Sevoral ratios by weight of tho internal coolant
to fucl wore investigated with inJooction into the veporization
tank and with injection into tho intake elbow,

Knoock-limited ongino porformanco was also dotermined for e
range of spark advonco from approximately 1E6° rotardaed from
normel to 150 advanced from normal at engino conditions simulating
tako-off, high-powor orulso, and low-power oruisc.
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RESULTS AND DISCUSSION

Effeot of Engine Vhriaoles and Internal Coolents

. on. Spurk-udvanoc fbr Peak Powor

Fuel-air ratio.- Tho affuct of spark advanco on powor and
fuol consumption at throo ongino spuvods end for scvoral fuol-air
rotios is prasontod in risuré 4. Tho valuos of poek-powor (optimum)
spark advance ara indionted by arrows on thosc curves. Thoso valuos
woro choson to corrospond. with minimum fuol consumption as woll as
with poak powcr. . Inasnuch as spark advanco doos not approciasbly
affoct the amcunt of chnrge entoring the oylindor, tho spark advance
siving tho best oycle officlency will give minimum fuol consumption
as woll as meximum powor. Herelnaftcr, the optimum valuo of spark
advanco will bo dcsignatcd the sperk advance for peck powcr; how-
ovor, it is also tho spark advanco at which minimum fuel consumption
is obtainod at tho same operating conditiors. Tho valucs of spark
advonco indizntod by the arrows on figure 4 hevo bocn plotted in
figurc 6 to show thc influcnco of fucl-air ratio on spark advanco
for pcak powor. Tho docided offcct of fuol-nir ratio on spark
advanco for pook pewer is causcd by thu pronouncod influenco of
fuol-air mixturo on flemo spoed. Incsmuch as tho flemc spoed de-
crooscs for fucl-air ratios loaner or rithcr than about 0.085 to
0,095 (reforonco 2), the ignition timing for ncak power must be
advanced whon opornting at fucl-air mixturos leaner or richor than
0.085 to 0,095,

Engino spood.~ Flomo spoed incrcasos r~pidly with ongino spood
bocause of increascd turbulcncc. In tho liquid-coolod cylinder, tho
flamo speocd incroasod at e slightly slower rato than ongine spccd
ovor thc range testod. It was thoroforo ncecssary to advanco tho
spark a small cmount to maintain poak pdwor for a givon fuol=-air
ratio as the spood was incroased (fig. 5).

Alr flow.- Thc offect of spark advencc on powor and fucl con-
sumptIon with verious air flows ond two mixturo tomporaturos (126°
ond 225° F) is shown in figurc 6. Tho inlet-air prossure and the
oxhcust back pressurc arc oqual at 30 inches of mercury absoluto
(approximatc air flow, 437 1b/hr); thoroforo, thc valvo-overlap
lossus arc smellcer then at higher inloteair pressuros whero thorce
1s a groater differentinl prossure to vlow tho unburncd chargo
through thc cxhaust valves during tho scavcnging poriod. Conse=
quontly for inlet-air prossures moar atmosphorie, tho indicatoed
spocific fuol consumption is lower., Data from figure 6 have boon
plotted in figuro 7 to illustrato tho cffoct of air flow on spark
odvonce for pook powcr. This plot indicatos that in the liquid-
coolud oylindor flamo speed varics only slightly with alr flow,
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¥ixture tomporaturc. - Figuro 8 shows the offoct of spark
advanco on. power and fuol consumption for mixture temporaturos
of 175° uhd 285° F at constant alr flow. Data from figurcs 6
and 8 havo boeon replotted in figuro S end indiocate thet tho in=-
flucnco of mixturo tomporaturo on' peak-powor spark advanco is
ulmost .negligible. In.thoso tusts the offoect of mixturo tem-
peraturc on flame speod was. 1salated by mnintaining constant
‘air flow. ) . .

-

Intornal coolants..- Tho,influcnce ‘of sperk advonco on fuel
consunption, powor, and cylindor-head tamporaturo for tho two
intornal coolants and for tho two positions of injJectlon are pro-
sentod in figuro 10. Pook-powor values of spark advanco from
figuro 10 havo beon plottod in figure 11 to illustrate the offect
of intornal coolant-fuol ratio on spark advanco for pcak powor.
Wator, whon injcctcd boforoc tho wveporizatlon tank and allowod to
mix thoroughly with thc fuol-alr mixturo, slowed tho fleme speed
rroro than when injecctod into tho intako olbow. On tho othor hand,
tho .flomo spood wns slowdd td about tho swmo degroo regardlcss of
injoction position whon injocting tho b60-50 wator-othyl alecohol
nixturo. For the saio intornal coolant-fuol ratios cnd tho same
position of injootion, tho wator-othyl alcohol mixture rotardcd
burning loss than wator injoction. This difforoanco in burning
ratc might bc oxpoctod beecnusc alcohnl is o fucl ond theorofore
takcs part in the combustlion procoss.

For voporizaotion-tank injection, the mixture tamperature
docroasod as morc intbrnal coolant was injocted until tho fuol-air
mixturc vucnmo saturatcd (fige. 12) and thon tho mixturo tempora-
turo runainod rolatively comstnnt. In a corrosponding mannor, the
powor at peak-power sporis advanco incroascd becauso of tho inoroasod
charge woight inducted iato tho cylindor until tho intornal coolant-
fupl rotio for saturation‘was roachcd (fig. 13), ot which point tho
powor lovolcd off, .ftor ocomploto saturation of tho inconing mix-
turc with thc intornal coolants, any additional cooling of tho mix-
turo must occur aftor tho intolo valves closu, which mokos it ime
possiblo to incroasc cngino povor through an of'fuct on air flow,
Fron this point, tho powor obtalnablu at pouak-powor spark advanco
dropped slightly as tho intornal coolant-fuol ratio was incroasod
bocnuso somo huat of veporization was extracted from tho air during
tho oamprossion stroko, rosulting in a dooreasc in cyoclc officlonecy.
Whon tho iutornal coolant was Injootod at tho manifold elbow, tho

owor incrouasc at poak-powor spark advanco wos rolatively small
fig. 13) becaousoc thoro was insufficiont timo for chargo cooling
bofore the intake vnlves closed.

Tho porcontaso loss in powor at various valu.s of spark advanco
over that which could be obtainod by using penk-power spark advence
for each intqrnal coolant-fuol ratio investigatod 1s prosented in
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figuro 14, Vhon the ongino is oporated with normael sperk timing
ot o givon intornal coolant-fuol ratio and position of injoction,
this loss 1s approximately twice as much.whon injecting water as
an Intcrnoal coolant as whon injocting o mixture of 650-50 waobtor-
uthyl aloohol. .In all cuses, howover, the ergino power at normal
spark advancg with a givon inlot-air prossure is inercasod by tho
uso of intornol coolants.

Incroaso in Cruise Economy Using Variable Sperlk Timing

A comparison of pert'ormance with normal.spark advenco cnd
porformance with poak-power spark advance (fige. 15) indicatos no
approciablo diffoeronco in power and in spceific fuol  consumption
for fucl-nlr .rantios groator than 0,066, For mixturos loaner than
0,065, howevcr, some improvomont in fuol cconomy ond powcr is
roealizcd by using pook-nowor spark advenco, If the spark timing
is advancod from normal at c fuol~-alr ratio of 0,060 to peak power
at a fuol-air ratio of 0,057, which secrificos no powor for a
givon inlct-nir prossure, a 4-percont roduction in indicatod spoci-
fic fuol cousumption 1s attainod. ’

offoct of Spark ..dvance on Knook-Limited Fngine Porformaonce

Tho cffoct of spar!t timing on lmock-limitod cngiho porformance
for conditions simulaotiig take-off, high-powor cruiso, and low-
powcr crulso is shoem in flguro 16. In cll cescs the knock-linitod
cngino ‘power inercescd as tho spark wns retarded until rough oporea-
tion was oncountcrod {inlet, 16° B.7.C.; c.haust, 22° B,T.C.). A
*powor incroasc of approximatoly 6.porcont wrs rcalizod by retiording
tho spark 120 from normal at low and intormcdicto mixturc temporo-
turos; whoroas tho incronsc 1as considorably grcator at high mix-
ture tumpcraturcs. Thon the additional supercharger work nocossary
to supply the highor-menifold pressurc is teakon into account, this
powur inercasc of G percunt on an indicotod basis results in a
povor inercasc of approximatcly- 4 porcont on'a broko basis for a
multicylirdur cngine with o singlo-stege suporchargor.

PROBABLE EFFECT OF SP.ARK .ADVANCE OF THE ECGNOMY OF A
17ULTICYLINDER ENGINE HAVIHG IEPERFECT
.' ) KIXTURE DISTRIBUTION
The discussion fhus far has boon bosod on the singlo-cyiindor
onzine. The dntoa shown for loah-mixturo fuel consumption would

apply to a nulticylindor.cngine only if tho mixture distribution
was purfoct. . .
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*The multicylinder engine, which has imperfect mixture distri-
bution, stands to gain somewhat more in fuel economy than the
single-cylinder results presented indioate., For example, it if is
essumed tHat ‘theé multioylinder engine 1s operating st &n average
fuel-air ratio of 0.060 with normal spark timing, any oylinders
that'have richer or leaner fuel-air mixtures than this value will
have higher. fuel consumption.then a oylinder operating at.a fuel-air
ratio of 0,060 because the minimum point on the fuel-consumption
ourve (fig. 15) is at this fuel-air ratio. The over-all fugl ocon-
sumption of the multiocylinder ongine would-then be higher than that
of a single cylinder operating at'a fudl-air ratio of 0,060. If the
spark timing is now advanced to peak power, the minimum point on the
fuel-consumntion curve shifts to ‘a considersbly leaner mixture. The
fuel-air ratio of 0.060 is no longer at the minimun point, sq.any
oylinders that now operate at a richer fuel- elr ratio have a higher
fuel ‘consumption than one operating at 0,060; whereas, any cylinders
thet operate at a leaner fuel-air ratio have a lower fuel consumption
than those operating at 0.,060. The over-all fuel consumption for the
multicylinder ongine would then approach that of a single-coylinder
engine operating with peek-power spark advence at a fucl-alr ratio
of 0,060, The reduction in over-all fuel consumption obtained by
advancing the spark of the multicylinder engine with inperfect dis-
tribution is therefore groater than that obtained from singloe-cylinder
tests. Tho more Imperfoct the mixture distrioution, the greater would
be the galn by advancing the spark to the peak-power condition.

The singlo-cylinder data presented have shown a poesible reduc-
tion in lean-mixture fuel consumptlon of approximately 4 percent by
advancing tho sparl:s Tho multicylinder engine would be expected to
siinw a somovhat greater reduction dopending on the mixture distri=
bution., It is e¢dtimatcd, howevar, that -an increase of approximately
10 performance numbers in the lean rating of tho fuel would be re-
quired to malntain the samo lkmook-=limited power at a fuel~air ratio
of 0,060 if the spark timing was cdvenced to peak powor.

SULMARY OF RESULTS

Froam an Investigation to determine the effect of engine-oporating
variables and internal coolents on spark-advance requiremonts of
llquid-cooled single oylinder for maxinum take-off power and maximum
oruise oconnmy, the follnw1ng reaults were obtained:

1, Among the variables teated only fuel-alr ratio and intermal
coolant=fuel ratio have large effocts on the peake-power spark timing.
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. 24 TWhen the spark timing is:advenced from normal (inlet,
280 B,T.C.3 exhaust, 340 B.T.C,) at a fuel-air ratio of 0,080 to
peak power at a fuel-air ratio of 0,067, whioh sacrifices no
engine power for a given inlet-air pressurs, a 4-percent reduc-
tion -in indicated specific fuel consumption-is realized. Any
uneveness in mixture distrivution of a multioylinder engine would
result in a’'decrease in brake specific fuel consumption greater
than that-for a single-cylindor engine; the more uneven the mix-
ture distribution, the greater is tho decrease to be expected.

e . JAn increase of approximetely 10 porformence numbers in
the lean rating of tho fuel would be required to maintain the same
knock-limitod powor at a fuel-asir ratio of 0,060 if tho spark timing

vas advanoced to poak power,

4, nock-lirited indlocated mean effective pressure at take-off
oonditions was inoreased about 6 percent when the s»ark timing was
rotarded from the normel value (inlet, 28° B,T.C,; oxhaust, 34°
B.T.C.) to tho point where rough oporation was rcached (inlot, 16°
B.T.C.; oxhaust, 22° B,T.C.)e. When the additional supercharger
powor neccssery to supply the highor menifold pressure is con-
sidored, the gain in the knock-limited brake horsepower for a
rmultioylindor ongine with a single-stage superchargor is approxi-
matoly 4 percent.

Alroraft Engine Rescarch Laboratory,
National Advisory Committee for .\cronautics,
Clevcland:, Ohio, liay 18, 1945,
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Figure 4. - Effect of spark advance on power and fuel consumption at various fuel-air ratios.
Single-cylinder adaptation of multicylinder engine to CUE crankcase; compression ratio,
6.85; inlet~o0il temperature, 185° F; outlet-coolant temperature, 250° F; mixture tempera-
ture, 175° F; inlet-air pressure, 40 inches mercury absolute. (Arrows indicate spark
advance for peak power.,)
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Figure 4. - Continued. Effect of spark advance on power and fuel consumption at various
fuel-air ratios. Single-cylinder adaptation of multicylinder engine to CUE crankcase;
compression ratio, 6.65; inlet-oil temperature, I85° F; outlet-coolant temperature, 25)°
mixture temperature, 175° F; inlet-air pressure, 40 inches mercury absolute. (Arrows
indicate spark advance for peak power.)
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mixture temperature, {75° ¥; inlet-air pressure, 40 inches mercury absolute. (Arrows
indicate spark advance for peak power.)
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Figure 18, - Effect of spark advance on knock-limited performance at various mixture temperatures.
Single-cylinder adaptation of multicylinder engine to CUE crankcase; compression ratio, 6.85;
inlet-0il temperature, 185° F; outlet-coolant temperature, 250° F.
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{(b) High—power cruise conditions. ’

b

d. Effect of spark advance on knock-limited performance at various mix-
Single-cylinder adaptation of multicylinder engine to CUE crankcase;
outlet~coolant temperature, 250° F.

8.65;

inlet~oil temperature,

185° F;
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conditions.

Figure (6. - Concluded. Effect of spark advance on knock-limited performance at various mix—

ture temperatures.

Single-cylinder adaptation of multicylinder engine to CUE crankcase;

compression ratio, 6.65; inlet-oil temperature, I85° F; outlet-coolant temperature, 250° p,
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